A strain of Fusobacterium nuckatum which produced high levels of beta-lactamase was isolated. The specific activity of the unpurified beta-lactamase was 7.8 U/mg of protein. By Sephacryl S-300 and S-200 column passage and chromatofocusing, the enzyme was purified 450-fold. Sodium dodecyl sulfate-gradient gel electrophoresis revealed a single band. The enzyme hydrolyzed phenoxymethylpenicillin, benzylpenicllin, and ampicillin more rapidly than carbenicillin and piperacillin. Cephaloridine, cefaclor, cephalothin, imipenem, and SCH 34343 had hydrolysis rates of .1% that of phenoxymethylpenicillin. The enzyme was inhibited by clavulanic acid and RO-15-1903/001 but not by p-mercuribenzoate or cefoxitin. Molecular weight by gel filtration was determined to be 21,000 and by sodium dodecyl sulfate-gradient gel electrophoresis was determined to be 26,000. The amino acids aspartic acid-asparagine, glutamic acid-glutamine, serine, glycine, and lysine dominated the amino acid composition.
mined by the method of Lowry et al. (9) with bovine serum albumin as the standard. The protein concentrations in samples from the last purification step were calculated from the amino acid analysis.
Purification of beta-lactamase. (i) Step 1. The unpurified preparation was passed through a Sephacryl S-300 column (5.0 by 71 cm) at 4°C with 0.05 M sodium phosphate buffer (pH 7.0) containing 0.10 M NaCl as the eluent. The fractions containing beta-lactamase activities were collected and concentrated to 7.5 ml by ultrafiltration (Pellicon Membrane Disc; nominal molecular weight exclusion limit, 10,000; Millipore Corp., Bedford, Mass.).
(ii)
Step 2. The beta-lactamase active sample from step 1 was applied to a Sephacryl S-200 column (2.6 by 30 cm) with the same conditions as those described for step 1. The fractions containing beta-lactamase were pooled and concentrated to 6.5 ml by ultrafiltration.
(iii)
Step 3. For chromatofocusing experiments, the solvent was changed to piperazine-HCl buffer (25 mM, pH 6.8) by gel filtration on Sephadex G-25 columns (PD 10 One-fifth of the material from the second gel filtration (1.5 ml) was applied. The pH gradient was formed with polybuffer-74 (pH 4.5), and the effluent was collected in 1.0-ml fractions (flow rate, 0.5 ml/min). The arrow marks the addition of acetic acid (2 ml, 70%) to the column. Beta-lactamase activity was determined with nitrocefin as the substrate and is expressed in units per milliliter (0). The bar represents 0.02 absorbance unit at 280 nm (-) and pH = (---) product at a specified wavelength (3, 14, 20 SDS-gradient gel electrophoresis. The sample was dissolved in 10 mM Tris-hydrochloride (pH 8.0) with 1 mM EDTA, 5% beta-mercaptoethanol, and 1% sodium dodecyl sulfate (SDS) and then heated for 6 min at 100°C. Electrophoresis was carried out in 0.04 M Tris-0.02 M sodium acetate-2 mM EDTA-0.2% SDS (pH 7.4) with commercially obtained gradient gels PAA 4/30.
Determination of amino acid composition. The amino acid composition of the purified freeze-dried enzyme was determined in a Stein-Moore amino acid analyzer at the Central Amino Acid Analysis Laboratory, University of Uppsala, Sweden.
Chemicals. Sephacryl S-300, Sephacryl S-200, Sephadex G-25, Polybuffer-74, and the polyacrylamide gradient gels PAA 4/30 were purchased from Pharmacia, Uppsala, Sweden; and molecular weight markers were from Sigma Chemical Co., St. Louis, Mo., and from Pharmacia. Benzylpenicillin, phenoxymethylpenicillin, ampicillin, carbenicillin, clavulanic acid, and cloxacillin were obtained from Astra, Sodertalje, Sweden. Piperacillin was received from Lederle, Wayne, N.J., and cefoxitin and imipenem were from Merck Sharp & Dohme, Rahway, N.J. Cephalothin, cefaclor, and moxalactam were from Lilly, Fegersheim, France; RO-15 was from Hoffmann-La Roche, Basel, Switzerland; cephaloridine and nitrocefin were from Glaxo Pharmaceuticals, Ltd., Greenford, United Kingdom; and sulbactam was from Pfizer Inc., Groton, Conn. Cohstituents for buffers were obtained from Merck AG, Darmstadt, Federal Republic of Germany.
RESULTS
Beta-lactamase formation. Qualitative detection of betalactamase with nitrocefin revealed that the strain was a high producer of beta-lactamase. In the supernatant of disrupted cells, the specific activity of the beta-lactamase was 7.8 U/mg. Approximately 80% of the beta-lactamase produced was found intracellular, and the rest was found extracellular. The production of beta-lactamase was constant when l, 0.0. benzylpenicillin was added to the medium at concentrations from 0.004 ,ug/ml to the MIC of the strain (256 p.g/ml). The strain was highly resistant to phenoxymethylpenicillin (1,024 ,ug/ml), ampicillin (128 ,ug/ml), piperacillin (1,024 p.g/ml), and cloxacillin (32 Fxg/ml) but susceptible to cefaclor (1.0 ,ugIml), cephaloridine (0.25 ,ug/ml), imipenem (0.064 ,ugIml), and SCH 34343 (0.004 p.g/ml).
Purification. In step 1, Sephacryl S-300 chromatography, the enzyme was separated from the main high-molecularweight components. The fractions containing beta-lactamase were further purified by chromatography on Sephacryl S-200 before the final chromatofocusing step (Fig. 1) . From steps 1 and 2, the enzyme was purified about 15-fold. The yield (78%) after the chromatofocusing step contained 0.82 mg of homogenous enzyme purified 454-fold.
Substrate profile. Figure 2A shows Cefoxitin did not inhibit the enzyme, even at a concentration 1,000 times that of the substrate. When the beta-lactamase (6 nM) was preincubated with clavulanic acid (10 ,uM) for up to 30 min (30°C), the activity slowly decreased to 15% that of the control (Fig. 3A) . With various amounts of enzyme (0.12 to 0.60 pmol) preincubated for 15 min with 1.2 nmol of clavulanic acid, the degree of inhibition varied between 98 and 44% (Fig. 3B) . The rate of reaction between the compound RO-15 and beta-lactamase is also shown in Fig. 3A . In the presence of 0.15 ,uM RO-15 the beta-lactamase lost 100% activity within 15 min. After 15 min of preincubation, 1.8 pmol of RO-1S inactivated 0.16 pmol of beta-lactamase (Fig. 3B) . The enzyme activity was not inhibited by p-chloromercuribenzoate (1 mM) after a preincubation time of 15 min.
Molecular weight. Gel filtration indicated a molecular weight of 21,000. Gradient gel electrophoresis of SDStreated and reduced beta-lactamase revealed a single band which corresponded to approximately 26,000 (Fig. 4) .
Amino acid composition. The amino acid composition of the purified beta-lactamase is shown in Table 2 . The amino acids aspartic acid-asparagine, glutamic acid-glutamine, serine, glycine, and lysine dominate the composition (60 mol%). The beta-lactamase contained 0.87 mol% half-cystine, the lowest value for the amino acids present. Assuming a TUNtR, LINDQVIST, AND NORD molecular weight of 26,000, the beta-lactamase consisted of 239 amino acid residues. DISCUSSION Beta-lactamases from both gram-positive and gram-negative bacteria have been studied extensively during recent years. Beta-lactamases play a major role in the resistance in both aerobic and anaerobic bacteria to beta-lactam antibiotics (10) . The properties of beta-lactamases from different bacteria vary to a great extent, which makes investigating these properties very important.
The beta-lactamase from F. nucleatum was purified in three steps to homogeneity with a high yield (78%). These favorable results were mainly due to the last step, chromatofocusing. We used this technique as a preparative step in the purification procedure because chromatofocusing is a rapid method for the separation of proteins. In a previous study, chromatofocusing of unpurified beta-lactamases from seven different F. nucleatum strains showed elution at a pH of about 5.2, somewhat higher than the pl value of 4.8 obtained by density gradient electrofocusing (Tuner et al., in press).
Vmax for the different antibiotics revealed that the betalactamase from F. nucleatum hydrolyzed penicillins much more rapidly than cephalosporins, imipenem, and SCH 34343 when the substrate concentration was higher than Km (the rate of hydrolysis is equal to k3). However, when the substrate concentration was lower than Ki, the hydrolysis rate depended on the ratio k3lKm and the substrate concentration.
The inhibition studies indicated that RO-15 and clavulanic acid acted mainly as irreversible inhibitors (8) . Both substances were also progressive inhibitors, i.e., a greater effect of the inhibitor was seen with increasing time. Cefoxitin, which is considered to be a powerful beta-lactamase inhibitor (21) , did not inhibit the enzyme.
Microorganisms in the oropharynx that produce beta-lactamases mainly belong to the species Bacteroides melaninogenicus, Bacteroides oralis, and Bacteroides ruminicola (19) . These strains produce generally smaller amounts of beta-lactamases that are more active on penicillins than on cephalosporins (16, 18) . Bacteroides fragilis, mainly found in the large intestine and female genital tract, produces cephalosporinases (12, 13, 17) . However, Sato et al. recently reported a strain of B. fragilis with high penicillinase production (15) . In contrast to our findings, the beta-lactamase from the B. fragilis strain was inhibited by cefoxitin, and the isoelectric point was less acidic (15) than that of the betalactamase from F. nucleatum.
The molecular weight of 26,000 of the purified beta-lactamase from F. nucleatum corresponds to those of beta-lactamases from gram-negative microorganisms which range from 25,000 to 30,000 (2) . The molecular weight obtained by gel filtration was somewhat lower than the molecular weight calculated by gradient gel electrophoresis. Determinations of molecular weights of beta-lactamases by gel filtration methods are reported to give lower values than are those by other techniques (2) .
Both cysteine and tryptophan residues were found in the beta-lactamase of F. nucleatum, which differentiated this beta-lactamase from that of Staphylococcus aureus (4) and from the group I beta-lactamase of Bacillus cereus (1). On the basis of the molecular weight of 26,000 the cysteine content corresponds well to two residues per enzyme molecule.
It is evident that this beta-lactamase from F. nucleatum does not resemble any other earlier described beta-lactamases. This new penicillinase from F. nucleatum may have important clinical imnplications since F. nucleatum is a common pathogen isolated from infections in the oropharynx such as peritonsillitis, Vincent's angina, and Ludwig's angina, for which penicillin is still the drug of choice (5) . In treatment failures, the infection mnight be caused by beta-lactamase-producing F. nucleatum. This beta-lactamase may also inactivate the administered penicillin in the treatment of tonsillitis caused by group A streptococci, resulting in therapy failure or recurrence of the infection (19) .
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